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$EVWUDFW 
7KLVVWXG\FRPSDUHVWKHHIIHFWRIWKHH[WUDWKRUDFLFDLUZD\VRQWKHIORZWKURXJKWKHORZHUDLUZD\VE\
FDUU\LQJ RXW FRPSXWDWLRQDO IOXLG G\QDPLFV &)' VLPXODWLRQV RI WKH DLUIORZ WKURXJK WKH KXPDQ
UHVSLUDWRU\WUDFW,QRUGHUWRIDFLOLWDWHWKLVFRPSDULVRQWZRJHRPHWULHVZHUHXWLOL]HG7KHILUVWZDVD
UHDOLVWLF QLQHJHQHUDWLRQ ORZHU DLUZD\ JHRPHWU\ GHULYHG IURP FRPSXWHG WRPRJUDSK\ &7 LPDJHV
ZKLOH WKH VHFRQG LQFOXGHG DQ DGGLWLRQDO FRPSRQHQW LH DQ LGHDOL]HG H[WUDWKRUDFLF DLUZD\ (7$
FRXSOHGZLWKWKHVDPHQLQHJHQHUDWLRQ&7PRGHO$QRWKHUDVSHFWRIWKLVVWXG\IRFXVHGRQWKHLPSDFW
RI EUHDWKLQJ WUDQVLHQFH RQ WKH IORZ ILHOG &RQVHTXHQWO\ VLPXODWLRQVZHUH FDUULHG RXW IRU WUDQVLHQW
EUHDWKLQJ LQ DGGLWLRQ WR SHDN LQVSLUDWLRQ DQG H[SLUDWLRQ 3K\VLRORJLFDOO\DSSURSULDWH UHJLRQDO
YHQWLODWLRQIRUWZRGLIIHUHQWIORZUDWHVZDVLQGXFHGDWWKHGLVWDOERXQGDULHVE\LPSRVLQJDSSURSULDWH
OREDUVSHFLILFIORZUDWHV7KHVFRSHRIWKHVHVLPXODWLRQVZDVOLPLWHGWRWKHPRGHOLQJRIWLGDOEUHDWKLQJ
DWUHVW7KHW\SLFDOEUHDWKLQJUDWHVIRUWKHVHFDVHVUDQJHIURPWREUHDWKVSHUPLQXWHZLWKDWLGDO
YROXPH RI  /LWHU / )RU FRPSDULVRQ WKH IORZ UDWHV IRU FRQVWDQW LQVSLUDWLRQH[SLUDWLRQ ZHUH
VHOHFWHGWREHLGHQWLFDOWRWKHSHDNIORZUDWHVGXULQJWKHWUDQVLHQWEUHDWKLQJ6LJQLILFDQWGLIIHUHQFHV
ZHUH REVHUYHG IURP FRPSDULQJ WKH SHDN LQVSLUDWLRQ DQG H[SLUDWLRQ ZLWK WUDQVLHQW EUHDWKLQJ LQ WKH
HQWLUH DLUZD\ JHRPHWU\ 'LIIHUHQFHV ZHUH DOVR REVHUYHG IRU WKH ORZHU DLUZD\ JHRPHWU\ 7KHVH
GLIIHUHQFHVSRLQWWRWKHIDFWWKDWVLPXODWLRQVWKDWXWLOL]HFRQVWDQWLQVSLUDWLRQRUH[SLUDWLRQPD\QRWEH
DQDSSURSULDWHDSSURDFKWRJDLQEHWWHULQVLJKWLQWRWKHIORZSDWWHUQVSUHVHQWLQWKHKXPDQUHVSLUDWRU\
V\VWHP&RQVHTXHQWO\SDUWLFOHWUDMHFWRULHVGHULYHGIURPWKHVHIORZILHOGVPLJKWEHPLVOHDGLQJLQWKHLU
DSSOLFDELOLW\WRWKHKXPDQUHVSLUDWRU\V\VWHP

Keywords:+XPDQDLUZD\V&)',QVSLUDWLRQ([SLUDWLRQ7UDQVLHQWEUHDWKLQJ
 ,QWURGXFWLRQ
7KHUHDUHKXQGUHGVRIPLOOLRQVRISHRSOHZRUOGZLGHZKRVXIIHUIURPFKURQLFUHVSLUDWRU\GLVHDVHV
VXFK DV DVWKPD DQG FKURQLF REVWUXFWLYH SXOPRQDU\ GLVRUGHU &23' REVWUXFWLYH VOHHS DSQHD
V\QGURPH 26$6 SXOPRQDU\ K\SHUWHQVLRQ HWF $OZDQ $ HW DO  $LU SROOXWLRQ LV
GLUHFWO\FRQQHFWHG WR WKHVH LOOQHVVHVEHFDXVHRI WKHGHSRVLWLRQRISDUWLFXODWHSROOXWDQWV LQ WKH OXQJV
7KHVH WR[LF SROOXWDQW SDUWLFOHV KDYH WKH SRWHQWLDO WR LQGXFH WKHVH GLVHDVHV 3DUWLFOH GHSRVLWLRQ LV
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PDLQO\DIIHFWHGE\WKHIORZILHOGZLWKLQWKHUHVSLUDWRU\V\VWHP7KHVHHIIHFWVDUHYHU\SURPLQHQW LQ
WKHH[WUDWKRUDFLFDLUZD\(7$$QLQYHVWLJDWLRQUHSRUWHGWKDW±RIDQLQKDOHGDHURVROGRVHLV
GHSRVLWHGLQWKH(7$*RQGD$GHWDLOHGDQDO\VLVRIWKHDLUIORZPHFKDQLVPVZLWKLQWKHKXPDQ
UHVSLUDWRU\ V\VWHP FRXOG OHDG WR D EHWWHU XQGHUVWDQGLQJ RI WKH GHSRVLWLRQ RI WR[LF DHURVROV GXULQJ
EUHDWKLQJ DQG KHOS ZLWK KHDOWK ULVN DVVHVVPHQWV &RPSOH[ DLUIORZ SDWWHUQV LQ WKH DLUZD\V ZKLOH
HIIHFWLYH DW UHPRYLQJ LQKDOHG WR[LF HOHPHQWV KLQGHU WKH GHOLYHU\RI WKHUDSHXWLFPDWHULDOV GHOLYHUHG
WKURXJKLQVSLUDWLRQ2YHUWKHSDVW\HDUVFRPSXWDWLRQDOIOXLGG\QDPLFV&)'KDVEHHQHVWDEOLVKHG
DVDSRZHUIXOWRROIRUWKHVWXG\RIWKHVHFRPSOH[IORZSDWWHUQVDQGLWVDSSOLFDWLRQWRLPSURYHPHQWVLQ
DHURVROL]HG PHGLFDWLRQ GHOLYHU\ (YHQ ZLWK WKHVH DGYDQFHV WKH FRPSOH[ IORZ SDWWHUQV LQ WKHVH
DLUZD\VDUHVWLOOXQGHUVWRRGRQO\DWDUHODWLYHO\UXGLPHQWDU\OHYHO
 /LWHUDWXUH5HYLHZ
7KH IORZ WKURXJK WKHKXPDQ UHVSLUDWRU\ WUDFWKDVEHHQVWXGLHGH[WHQVLYHO\ERWKH[SHULPHQWDOO\
DQGYLDQXPHULFDOVLPXODWLRQV6WXGLHVUHJDUGLQJWKHORZHUDLUZD\VW\SLFDOO\XVHDODPLQDUSURILOHDW
WKH WUDFKHD ZKLFK LV WKH SRLQW RI GHOLQHDWLRQ EHWZHHQ WKH (7$ DQG WKH ORZHU DLUZD\V +RZHYHU
YDULRXV VWXGLHV FRQGXFWHGXVLQJ(7$PRGHOV KDYH FOHDUO\ VKRZQ WKDW WKH IORZH[LWLQJ WKH(7$ LV
YHU\OLNHO\WXUEXOHQW7KHLQKHUHQWFRPSOH[LW\RIIORZVWKURXJKWKH(7$FDQOHDGWRUHJLRQVZKLFKDUH
ODPLQDU WUDQVLWLRQDO RU IXOO\ WXUEXOHQW $WWHPSWV WR VWXG\ IORZV H[SHULPHQWDO RU FRPSXWDWLRQDO
WKURXJKWKH(7$DUHVW\PLHGEHFDXVHRI WKHZLGHYDULDELOLW\ LQ(7$JHRPHWULHVGHSHQGLQJRQDJH
GLVHDVHHWF2QHDSSURDFKWRWKHSUREOHPRIYDULDELOLW\LVWRFUHDWHDQLGHDOL]HG(7$JHRPHWU\ZKLFK
FRQWDLQVDOO WKHEDVLFSK\VLRORJLFDOHOHPHQWV WKDWDUHSUHVHQW LQ WKHUHDOJHRPHWU\ <XHWDO
XVHGDWHDFKLQJPRGHODVWKHEDVLVRIWKHJHRPHWU\IRUWKH(7$ZKLOH6WDSOHWRQHWDOXWLOL]HG
DQLGHDOL]HGYHUVLRQRIDQ(7$EDVHGRQ&7VFDQV7KHVRFDOOHG$OEHUWD(7$JHRPHWU\-RKQVWRQH
HWDOKDVEHHQVWXGLHGH[WHQVLYHO\XVLQJERWKH[SHULPHQWDO+HHQDQHWDO-RKQVWRQHHW
DO  DQG FRPSXWDWLRQDO %DOO HW DO D E DSSURDFKHV%DOO HW DO %DOO HW DO DXVHG
YDULRXV WXUEXOHQFHPRGHOV WRVLPXODWH WKHIORZWKURXJKWKLVJHRPHWU\DQGFRPSDUHG WKHLU UHVXOWV WR
H[SHULPHQWDOGDWD7KH\%DOOHWDOEDOVRXVHGD/DWWLFH%ROW]PDQQPHWKRG/%0WRVWXG\WKH
GHWDLOVRIWKHIORZILHOGZKLOH.OHLQVWUHXHUDQG=KDQJ.OHLQVWUHXHU&	=KDQJ=XVHGDQ
/(6DSSURDFK
7KHIUDPHZRUNIRUWKHVWXG\RIWKHDLUIORZWKURXJKWKHOXQJDQGKXPDQSXOPRQDU\DLUZD\VZDV
ODLGE\ :HLEHO  DQG +RUVILHOG HW DO ;XHW DO ;XHW DO   VLPXODWHG FRQVWDQW
LQVSLUDWLRQDQGH[SLUDWLRQRIWKHDLUIORZWKURXJKD&7EDVHGJHRPHWU\'H%DFNHUHWDO'H%DFNHUHW
DOFDUULHGRXWQXPHULFDOVLPXODWLRQRIFRQVWDQW LQVSLUDWLRQ WKURXJK&7EDVHG ORZHUDLUZD\V
/LQHW DO /LQHW DO FRPSDUHG WKHHIIHFWVRI DQ(7$E\ VLPXODWLQJ WKH IORZ WKURXJKD&7
GHULYHGPRGHORIWKHXSSHUUHVSLUDWRU\WUDFWDQGWKHORZHUDLUZD\VZLWKWKHFRUUHVSRQGLQJWKHORZHU
DLUZD\JHRPHWU\RQO\7KH\FRQFOXGHG WKDW D FXUYHG VKHHWOLNH WXUEXOHQW ODU\QJHDO MHW LQ WKH HQWLUH
DLUZD\JHRPHWU\ZLWK WXUEXOHQFH LQWHQVLW\ H[FHHGLQJ WR LQ WKH WUDFKHD FRXOG VLJQLILFDQWO\
DIIHFW DLUZD\ IORZSDWWHUQV DVZHOO DV WUDFKHDOZDOO VKHDU VWUHVV7KHVH VLPXODWLRQVZHUH OLPLWHG WR
FRQVWDQW LQVSLUDWLRQRQO\ ,Q DQ HDUOLHU VWXG\ WKH HIIHFWVRI LQKDODWLRQ WUDQVLHQFH WKURXJK&7EDVHG
KXPDQDLUZD\JHRPHWU\ZHUHH[SORUHGE\*UXHW]HPDFKHU*UXHW]HPDFKHUZKHUHKHREWDLQHG
VROXWLRQVIRUDIXOOEUHDWKLQJF\FOH$VLVWKHQRUPLQWKHVHW\SHVRIVLPXODWLRQVDXQLIRUPYHORFLW\
SURILOHZDV LPSRVHG DW WKH WUDFKHD IRU WKH FRQVWDQW LQVSLUDWLRQ FDVH DQG OREDU VSHFLILF IORZ UDWHV
ZHUH LPSRVHG DW WKH GLVWDO DLUZD\V IRU WKH IXOO EUHDWKLQJ F\FOH $Q LQWHUHVWHG UHDGHU GLUHFWHG WR
*UXHW]HPDFKHU*UXHW]HPDFKHUIRUPRUHGHWDLOV
1XPHULFDOVWXGLHVSURYLGHGHWDLOHGLQIRUPDWLRQRIDLUIORZSDWWHUQVWKDWLVYHU\GLIILFXOW WRREWDLQ
XVLQJ LQ YLYR REVHUYDWLRQV RU LQ YLWUR H[SHULPHQWV (DUOLHU VWXGLHV KDGPRVWO\ IRFXVHG RQ FRQVWDQW
LQVSLUDWLRQ DOWKRXJK VRPH RI WKHP GLG FRQVLGHU D IXOO EUHDWKLQJ F\FOH RU FRQVWDQW H[SLUDWLRQ 7KH
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JHRPHWULHVXWLOL]HGLQPRVWRIWKHVHVWXGLHVZHUHOLPLWHGWRHLWKHUWKH(7$RUWKHORZHUDLUZD\RQO\
)RULQVWDQFH=KDQJ=	.OHLQVWUHXHU&FRPSDUHGERWKWKHSHDNLQVSLUDWLRQDQGH[SLUDWLRQ
YHORFLW\ SURILOHV IRU WKH :RPHUVOH\ QXPEHU Ƚ  DQG IRXQG JRRG DJUHHPHQW ZLWK WKRVH RI
LQVWDQWDQHRXVO\HTXLYDOHQWFRQVWDQWLQVSLUDWLRQH[SLUDWLRQFDVHV7KLVSDSHUIRFXVHVRQWKHHIIHFWVRI
WKH(7$RQWKHORZHUDLUZD\DQGYLFHYHUVDIRUDIXOOEUHDWKLQJF\FOHDQGFRPSDUHVWKHUHVXOWVRI
WUDQVLHQW VLPXODWLRQVZLWK VLPXODWLRQV FRUUHVSRQGLQJ WR FRQVWDQW LQVSLUDWLRQ DQG H[SLUDWLRQ 7R WKH
EHVWRIWKHDXWKRUV¶NQRZOHGJHWKHVHFRPSDULVRQVKDYHQRWEHHQFDUULHGRXWE\DQ\UHVHDUFKHUIRU
WKHHQWLUHFRPELQHG(7$ORZHUJHRPHWU\
 0HWKRGV
 7KHLGHDOL]HG(7$DQG&7EDVHGSXOPRQDU\DLUZD\JHRPHWU\
7KH FRPSXWDWLRQDO (7$ JHRPHWU\ XWLOL]HG LQ WKLV VWXG\ LV EDVHG RQ WKH VRFDOOHG$OEHUWD (7$
PRGHOIURP8QLYHUVLW\RI$OEHUWD7KLVJHRPHWU\UHSUHVHQWVDPHDQRIWKHGLPHQVLRQVRI WKHXSSHU
DLUZD\ZKLFKPLPLFVWKHFRPSOHWH(7$IURPWKHRUDOFDYLW\ WR WKHWUDFKHDRIDQDGXOWKXPDQ7KH
RYHUDOO KHLJKW LQFOXGLQJ WKH LQOHW QR]]OH DQG ZLGWK RI WKLV JHRPHWU\ DUH  DQG  PP
UHVSHFWLYHO\ /LFHQVLQJ LVVXHV SUHYHQWHG WKH DFWXDO JHRPHWU\ IURP EHLQJ XVHG LQ WKLV SDSHU 7KH
JHRPHWU\ XWLOL]HG LQ WKLV VWXG\ KDVEHHQ UHFRQVWUXFWHGEDVHGRQ WKH GHVFULSWLRQV DQG FURVVVHFWLRQV
DYDLODEOHLQWKHOLWHUDWXUHIRULQVWDQFH+HHQDQHWDO-RKQVWRQHHWDODQG=KDQJ<
	)LQOD\:+7KHJHRPHWU\ZDVFUHDWHGXVLQJ6ROLG:RUNVD'&RPSXWHU$LGHG'HVLJQ
&$'PRGHOLQJSDFNDJH7KH(7$JHRPHWU\ZDVVFDOHGWRPDWFKZLWKWKH&7EDVHGORZHUDLUZD\V
PRGHORI*UXHW]PDFKHU)LJXUHDWRSURYLGHWKHHQWLUHDLUZD\JHRPHWU\)LJXUHEDQGF

)LJXUHD7KH&7EDVHGORZHUDLUZD\JHRPHWU\EDQGF7KHHQWLUHDLUZD\JHRPHWU\
%RWK JHRPHWULHV ZHUH PHVKHG XVLQJ 3RLQWZLVH YHUVLRQ  7KH VXUIDFH PHVK ZDV HQWLUHO\
VWUXFWXUHGDV WKLVKHOSHGUHGXFH WKHQXPEHURIVXUIDFHQRGHVFRPSDUHGWRXWLOL]LQJDQXQVWUXFWXUHG
CFD investigation of human tidal breathing through human airway geometry Azarnoosh et al.
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VXUIDFHPHVK7KHYROXPHPHVKZDVJHQHUDWHGXVLQJDQRIIZDOOVSDFLQJUDQJLQJIURPWR
PP VXFK WKDW DQ DYHUDJH \ RI DURXQG XQLW\ ZDV REWDLQHG 7KH YROXPH PHVK XWLOL]HG WKH 75H[
IHDWXUH RI 3RLQWZLVH 75H[ $XWRPDWHG %RXQGDU\ /D\HU 0HVKLQJ  7KLV UHVXOWHG LQ WKH
H[WUXVLRQ RI UHJXODU OD\HUV RI WHWUDKHGUD IURP ERXQGDULHV ZKLFK DUH UHFRPELQHG WR REWDLQ SULVP
HOHPHQWVRIIWKHZDOOV$PLQLPXPRISULVPOD\HUVZHUHXWLOL]HGLQWKLVVWXG\7ZRGLIIHUHQWPHVKHV
ZHUHJHQHUDWHGIRUWKHHQWLUHDLUZD\JHRPHWU\7KHGLIIHUHQWPHVKHVZHUHJHQHUDWHGVRDVWRPDLQWDLQ
DGHTXDWHYLVFRXVUHVROXWLRQIRU WKH WZRGLIIHUHQWIORZUDWHVFRQVLGHUHG LQ WKLVVWXG\7KHILUVWPHVK
ORZ IORZ UDWH FRQWDLQHGQRGHV DQG FRQWUROYROXPHVZKLOH WKHPHVK IRU WKH
KLJKIORZUDWHKDGQRGHVDQGFRQWUROYROXPHV,QRUGHUWRDVVHVVWKHLPSDFWRI
WKH(7$RQ WKH IORZ WKURXJK WKH ORZHUDLUZD\V DPHVK IRU WKH ORZHUDLUZD\VZDVDOVRJHQHUDWHG
7KLVPHVKFRQWDLQHGQRGHVDQGFRQWUROYROXPHV
 )ORZVROYHU
7KH LQKRXVH IORZ VROYHUTenasi +\DPV HW DO ZDV XVHG LQ WKLV VWXG\ WR VLPXODWH ERWK
LQVSLUDWLRQH[SLUDWLRQDQGDIXOOUHVSLUDWRU\F\FOH7KHEDVHOLQHIORZVROYHULQTenasiHPSOR\VDQRGH
FHQWHUHG ILQLWH YROXPH LPSOLFLW VFKHPHZLWKKLJK UHVROXWLRQ IOX[HVEDVHGRQ5RH DYHUDJLQJ DQGD
1HZWRQ VXELWHUDWLRQSURFHGXUH IRU WLPHDFFXUDF\7KH OLQHDU V\VWHPDWHDFK1HZWRQ VXELWHUDWLRQ LV
VROYHGXVLQJD6\PPHWULF*DXVV±6HLGHODOJRULWKP)RU WKHFDVHVFRQVLGHUHGKHUHTenasi VROYHV WKH
DUWLILFLDOFRPSUHVVLELOLW\ IRUP RI WKH LQFRPSUHVVLEOH 1DYLHU6WRNHV HTXDWLRQV Tenasi KDV EHHQ
YDOLGDWHGLQDSUHYLRXVVWXG\IRUVWHDG\DQGXQVWHDG\IORZWKURXJKLGHDOL]HGDQG&7EDVHGJHRPHWULHV
*UXHW]HPDFKHU7KHFDVHVSUHVHQWHGKHUH DUH VROYHGXVLQJ D/DUJH(GG\6LPXODWLRQ /(6
IRUPXODWLRQZLWKWKH:DOO$GDSWLQJ/RFDO(GG\YLVFRVLW\:$/(PRGHO'XFURVHWDOEHLQJ
XVHGIRUWKHVXEJULGVWUHVVHV
 1XPHULFDO6ROXWLRQ
7KHFRPSXWDWLRQVXWLOL]HGDTXDGUDWLFUHFRQVWUXFWLRQDSSURDFKDQGZHUHVROYHGLQXQVWHDG\WLPH
DFFXUDWHPRGH XWLOL]LQJ 1HZWRQ VXELWHUDWLRQV WR HQVXUH VHFRQG RUGHU WHPSRUDO DFFXUDF\'XDO
WLPHVWHSSLQJ ZDV XVHG WR HQKDQFH VWDELOLW\ RI WKH LWHUDWLYH VROXWLRQ SURFHVV ZLWK D &RXUDQW
)ULHGULFKV/HZ\&)/QXPEHULQWKHUDQJHRIWR
7ZREUHDWKLQJUDWHVDQGEUHDWKVSHUPLQXWHFRUUHVSRQGLQJWRWKHUDQJHRIW\SLFDOKXPDQ
EUHDWKLQJDWUHVWZHUHFRQVLGHUHGLQWKLVVWXG\7KHWUDQVLHQWEUHDWKLQJFDVHVZHUHVLPXODWHGIRURQH
EUHDWKLQJF\FOHDQGXWLOL]HGLWHUDWLRQVUHVXOWLQJLQGLIIHUHQWWLPHVWHSVο7DEOHVXPPDUL]HV
WKH YDULRXV SDUDPHWHUV WKDW ZHUH XVHG LQ WKHVH VLPXODWLRQV 7KH:RPHUVOH\ QXPEHU :RPHUVOH\
 VKRZQ LQ WKH WDEOH LV WKH UDWLR RI WKH WUDQVLHQW LQHUWLDO IRUFH WR WKH YLVFRXV IRUFH DQG LV D
VLJQLILFDQW QRQGLPHQVLRQDO SDUDPHWHU LQ WKH VWXG\ RI WUDQVLHQW IORZV ,W LV GHILQHG DVȽ ൌ ඥɘ ɋΤ 
ZKHUH5 LV WKH UDGLXVRI WKH WUDFKHDɋWKHNLQHPDWLFYLVFRVLW\ DQGɘ ൌ ʹɎᐦZKHUHᐦLV WKHEUHDWKLQJ
UDWH 7KH5H\QROGV QXPEHU LV GHILQHG DV ൌ ୫ୟ୶ ȤΤ ZKHUH' LV WKH DYHUDJH GLDPHWHU RI WKH
WUDFKHDDQG୫ୟ୶LVODUJHVWRIWKHYHORFLWLHVLPSRVHGDWWKHGLVWDOERXQGDULHV
7KH FRQVWDQW LQVSLUDWLRQ DQG H[SLUDWLRQ VLPXODWLRQV FRUUHVSRQGHG WR WKH SHDN LQVSLUDWLRQ DQG
H[SLUDWLRQ IRU WKH WZREUHDWKLQJ UDWHV FRQVLGHUHGKHUH KHUHLQDIWHU UHIHUUHG WR DVȽ ൌ Ͳ7KH\ZHUH
FDUULHGRXWIRULWHUDWLRQVDQGWKHUHVXOWLQJVROXWLRQVZHUHWLPHDYHUDJHGRYHUWKHODVWWLPH
VWHSV
7DEOH3DUDPHWHUVIRUWKHEUHDWKLQJF\FOHVFRQVLGHUHGLQWKLVVWXG\
%UHDWKLQJ5DWH Ƚ 5H οVHFRQGV 7VHFRQGV
EUHDWKVPLQXWH   ͲǤͲͲͳͲͲͶͲͳ͸Ͳ͸Ͷ 
EUHDWKVPLQXWH   ͲǤͲͲͲͷͲʹͲͲͺͲ͵ʹ 
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 %RXQGDU\FRQGLWLRQV
+XPDQVKDYHWZROXQJVZKLFKFRQVLVWRIILYHOREHV7KUHHOREHVRQWKHULJKWDQGWZRRQWKHOHIW
LHULJKWVXSHULRU56ULJKWPLGGOH50ULJKWLQIHULRU5,OHIWVXSHULRU/6DQGOHIWLQIHULRU/,
EURQFKXV)RUWKHWUDQVLHQWEUHDWKLQJFDVHVDVLQXVRLGDOZDYHIRUPYHORFLW\SURILOHZDVLPSRVHGDWWKH
GLVWDOOREDUERXQGDULHVLHሬሬሬԦ୭୳୲ ൌ ഥ୫ୟ୶ො ሺɘሻ ൌ ഥ୫ୟ୶ො ሺԄሻZKLOHWKHSUHVVXUHZDVDOORZHG
WR IORDW 7R HQIRUFH WKH DSSURSULDWH YHORFLWLHV DW OREDU ERXQGDULHV DQ H[SUHVVLRQ IRU YHORFLW\ DV D
IXQFWLRQRIWKHOREDUYROXPHοɋ୪୭ୠୣZDVZULWWHQ*UXHW]HPDFKHULHഥ୫ୟ୶ ൌ ɘοɋ୪୭ୠୣ ʹ୭୳୲Τ 
ZKHUH୭୳୲LVDUHDDWWKHDSSURSULDWHGLVWDOERXQGDU\DQGοɋ୪୭ୠୣLVDQG/
FRUUHVSRQGLQJWRWKH56505,/6DQG/,UHVSHFWLYHO\+RUVILHOGHWDO7KHYHORFLW\XVHG
IRUWKHLQVSLUDWLRQH[SLUDWLRQFDVHVPDWFKHGWKHIORZFRQGLWLRQVDWSHDNLQVSLUDWLRQDQGH[SLUDWLRQRI
WKHWUDQVLHQWEUHDWKLQJFDVHVLHDWSKDVHDQJOHRIɎȀʹDQG͵ɎȀʹUHVSHFWLYHO\$WWKHLQOHWERXQGDU\
DSXUH'LULFKOHW ERXQGDU\ FRQGLWLRQZDVXVHG WRNHHS VWDWLFSUHVVXUH IL[HG DW VWDQGDUG DWPRVSKHULF
SUHVVXUHZKLOHWKHYHORFLWLHVZHUHDOORZHGWRIORDW
 5HVXOWVDQG'LVFXVVLRQ
6LPXODWLRQV ZHUH FDUULHG RXW IRU WKH HQWLUH DLUZD\ JHRPHWU\ LQ DGGLWLRQ WR WKH ORZHU DLUZD\V
JHRPHWU\ )RU HDFK IORZ UDWH WZR VLPXODWLRQV FRQVWDQW LQVSLUDWLRQ DQG H[SLUDWLRQ DQG RQH IXOO
EUHDWKLQJF\FOHVLPXODWLRQZHUHFDUULHGRXW7KLVUHVXOWHGLQVLPXODWLRQVSHUIORZUDWHDQGDWRWDORI
VLPXODWLRQV7KHFRQVWDQW LQVSLUDWLRQH[SLUDWLRQFDVHVZHUHFRQGXFWHGDW WZR5H\QROGVQXPEHUV
LHDQGDQDORJRXVWRSHDNIORZFRQGLWLRQVLQWKHIXOOEUHDWKLQJFDVHVLHWKH:RPHUVOH\
QXPEHUVRIDQGUHVSHFWLYHO\)LYHFURVVVHFWLRQVRILQWHUHVWLQWKHORZHUDLUZD\VVKRZQLQ
)LJXUHZHUH VHOHFWHG IRU DQDO\VLV7KHVH FURVVVHFWLRQV DUH UHSUHVHQWDWLYHRI WKH DLUIORZHQWHULQJ
HDFKOREDUEURQFKXV9ROXPHWULFIOX[HVZHUHFRPSXWHGDWHDFKRIWKHFURVVVHFWLRQV7KHGHYLDWLRQRI
IORZUDWHVIURPWKHWDUJHWHGYDOXHVZHUHIRXQGQRPRUHWKDQDQGLQORZHUDLUZD\VDQGWKH
HQWLUHDLUZD\JHRPHWU\UHVSHFWLYHO\

)LJXUH)LYHFURVVVHFWLRQVH[DPLQHGIRUHDFKFDVHDWHDFKRIWKHOREDUEURQFKXV
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 ,QVSLUDWLRQ
3HDNLQVSLUDWLRQLQEUHDWKLQJF\FOHVROXWLRQVRFFXUVDWDSKDVHDQJOHሺԄሻRIɎȀʹDWW VDQGW V
IRUĮ ൌ ͶǤ͹ʹDQGȽ ൌ ͸Ǥ͸ͺUHVSHFWLYHO\6DJLWWDOVHFWLRQVRIWKHRURSKDU\Q[WKHSKDU\Q[WKHODU\Q[
DQGWKHWUDFKHDGXULQJLQVSLUDWLRQIRUWUDQVLHQWEUHDWKLQJFDVHVDQGFRQVWDQWLQVSLUDWLRQWLPHDYHUDJHG
DVZHOODVLQVWDQWDQHRXVDUHGHSLFWHGLQ)LJXUH$VFDQEHVHHQKLJKO\WXUEXOHQWIORZRFFXUVLQWKH
WUDFKHD7KHOHYHORIWKHWXUEXOHQFHLQWHQVLW\FDQEHJDXJHGE\FRPSDULQJWKHIORZILHOGVEHWZHHQWKH
LQVWDQWDQHRXVDQGWLPHDYHUDJHGFDVHV7KLVLVFKDUDFWHULVWLFRIWKHWXUEXOHQFHJHQHUDWHGE\WKHHIIHFW
RI WKH HSLJORWWLV DQG VWUXFWXUH RI WKH ODU\Q[ DQG YHU\ VLPLODU WR WKH UHVXOWV RI RWKHU UHVHDUFKHUV
-RKQVWRQHHWDO%DOOHWDOE7KHODU\QJHDOMHWLVFOHDUO\YLVLEOHLQWKHVROXWLRQVVKRZQ
LQ)LJXUHZLWKLWVVWUHQJWKLQFUHDVLQJZLWKLQFUHDVLQJIORZUDWH

)LJXUH6DJLWWDOFURVVVHFWLRQRIWKH(7$LQFOXGLQJWUDFKHDVKRZLQJYHORFLW\PDJQLWXGHGXULQJLQVSLUDWLRQ

7KH HIIHFW RI WKH(7$RQ WKH IORZ WKURXJK WKH ORZHU DLUZD\V FDQEH JDXJHGE\ FRPSDULQJ WKH
VROXWLRQVREWDLQHGIRU WKHHQWLUHDLUZD\JHRPHWU\ZLWKRQHREWDLQHGIRU WKH ORZHUDLUZD\VRQO\7R
LQYHVWLJDWHIHDWXUHVRIWKHWXUEXOHQFHWXUEXOHQFHLQWHQVLW\LQWKHFURVVVHFWLRQDOFRURQDOSODQHRIWKH
HQWLUH DLUZD\ JHRPHWU\ LV FRPSDUHG ZLWK WKDW RI WKH ORZHU DLUZD\ RQO\ LQ )LJXUH  1RWLFHDEOH
GLIIHUHQFHV FDQ EH REVHUYHG EHWZHHQ WKH VROXWLRQV 7KH IORZ LQ WKH ORZHU DLUZD\ JHRPHWU\ ZLWK
SUDFWLFDOO\ ]HUR WXUEXOHQFH LQWHQVLW\ VXJJHVWV TXDVLVWHDG\ ODPLQDU IORZ ZKLOH WKH HQWLUH DLUZD\
JHRPHWU\GLVSOD\VKLJKOHYHOVRIWXUEXOHQFHWKURXJKWKHWUDFKHDDVZHOODVERWKSULPDU\EURQFKL7KH
KLJKVSHHGODU\QJHDOMHWFDXVHVWKLVFKDUDFWHULVWLFRIWKHDLUIORZZLWKLQWKHWUDFKHDDQGUHVXOWVLQKLJK
WXUEXOHQFH OHYHOV +RZHYHU WKH OHYHO RI WXUEXOHQFH LQWHQVLW\ UHGXFHV VLJQLILFDQWO\ WKURXJK WKH
JHQHUDWLRQV 7KLV VXJJHVWV WKDW WKH IORZ WKURXJK WKH ORZHU DLUZD\V VWD\PRVWO\ ODPLQDU DQG LV QRW
VLJQLILFDQWO\DIIHFWHGE\WKHKLJKVSHHGODU\QJHDOMHW
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
)LJXUH&URVVVHFWLRQDOFRURQDOSODQHRIWKHILUVWJHQHUDWLRQRISXOPRQDU\DLUZD\LOOXVWUDWLQJWXUEXOHQFH
LQWHQVLW\IRUKLJKIORZUDWHGXULQJLQVSLUDWLRQ7KHHQWLUHDLUZD\DQGWKHORZHUDLUZD\JHRPHWU\RQWKHOHIWDQG
ULJKWUHVSHFWLYHO\7KHYDOXHRIWXUEXOHQFHLQWHQVLW\OLPLWHGWR

6HFRQGDU\ IORZ YHORFLW\ YHFWRUV FRORUHG E\ YHORFLW\ PDJQLWXGH DUH VKRZQ DW YDULRXV FURVV
VHFWLRQVGHSLFWHGLQ)LJXUHLQ)LJXUH7KHUHVXOWVVKRZQKHUHLQFOXGHWKDWREWDLQHGIRUWKHHQWLUH
DLUZD\JHRPHWU\DVZHOODVWKHORZHUDLUZD\VJHRPHWU\,QWKLVILJXUHRQO\WKHKLJKIORZUDWHUHVXOWV
DUH VKRZQ 7KLV LV VWULFWO\ GXH WR WKH SDJH QXPEHU OLPLWDWLRQ WKRXJK WKH TXDOLWDWLYH QDWXUH RI WKH
FRPSDULVRQLVVLPLODUEHWZHHQWKHKLJKDQGORZIORZUDWHFDVHV
$V FDQ EH VHHQ IURP )LJXUH  FOHDU GLIIHUHQFHV DUH YLVLEOH LQ WKH FURVVIORZ YHORFLW\ YHFWRU
SDWWHUQVIRU WKH5650DQGWKH/,EURQFKLZKLOH WKHGLIIHUHQFHVDUH OHVVSURQRXQFHGIRU WKHRWKHU
WZR ORFDWLRQV +RZHYHU GLIIHUHQFHV LQ YHORFLW\PDJQLWXGH WKH FRORUV LQ )LJXUH  FDQ EH VHHQ DW
WKHVH WZR ORFDWLRQV 5, DQG /6 ,Q WKH 56 WKH GLIIHUHQFHV EHWZHHQ WKH WZR WUDQVLHQW EUHDWKLQJ
VROXWLRQVDUHTXLWHFOHDU7KHWUDQVLHQWEUHDWKLQJHQWLUHDLUZD\JHRPHWU\VROXWLRQVKRZVWKHSUHVHQFH
RI WZR GLVWLQFW YRUWLFHV ZKLOH WKH FRUUHVSRQGLQJ ORZHU DLUZD\V VROXWLRQ KDV WKUHH ZHOO GHILQHG
YRUWLFHV7KHGLIIHUHQFHV EHWZHHQ WKH WLPHDYHUDJHG VROXWLRQV DUH HYHQPRUH SURQRXQFHGZLWK WKH
HQWLUHDLUZD\JHRPHWU\VKRZLQJWKHSUHVHQFHRIDVLQJOHYRUWH[ZKLOHWZRZHOOGHILQHGYRUWLFHVFDQ
EH VHHQ LQ WKH ORZHU DLUZD\V VROXWLRQ$QRWKHU FRPSDULVRQ WKDW FDQ EHPDGH LV EHWZHHQ WKH WLPH
DYHUDJHGDQGWUDQVLHQWEUHDWKLQJVROXWLRQV&RPSDULQJWKHVHIRUWKHHQWLUHDLUZD\JHRPHWU\RQHFDQ
VHHWKDW WKHUHDUH WZRYRUWLFHVIRU WKHWUDQVLHQWEUHDWKLQJFDVHZKLOH WKHUH LVDVLQJOHYRUWH[IRU WKH
WLPHDYHUDJHGFDVH7KHSUHVHQFHRIWKHVHFRQGYRUWH[WRZDUGVWKHERWWRPRIWKHFURVVVHFWLRQSXVKHV
WKHRWKHUYRUWH[DJDLQVWWKHHGJHVRIWKHFURVVVHFWLRQHIIHFWLYHO\VTXLVKLQJLW7KLVDOVROHDGVWRWKH
SUHVHQFHRIDKLJKHUYHORFLW\UHJLRQGRZQWKHOHIWVLGHRIWKHFURVVVHFWLRQWKDW LVDEVHQW LQ WKHIXOO
EUHDWKLQJ F\FOH FDVH 6LPLODU GLIIHUHQFHV FDQ EH REVHUYHG E\ FRPSDULQJ WKH WLPHDYHUDJHG DQG
WUDQVLHQWEUHDWKLQJVROXWLRQVIRUWKHORZHUDLUZD\VRQO\7KHGLIIHUHQFHVLQWKHVHFRQGDU\IORZIRUWKH
50DUHPRUHSURQRXQFHGFRPSDUHG WR WKH56EURQFKXV6LPLODU WR WKH56 WKHQXPEHURIYRUWLFHV
SUHVHQW VHHPV WR JR XS E\ RQH ZKHQ FRPSDULQJ WKH FRUUHVSRQGLQJ WLPHDYHUDJHG DQG WUDQVLHQW
EUHDWKLQJVROXWLRQV7KHWLPHDYHUDJHGORZHUDLUZD\VVROXWLRQKDVDFORYHUOHDIOLNHSDWWHUQZLWKWKH
IRXUWK YRUWH[ EHLQJ IDLUO\ ZHDN $ FRPSDULVRQ RI WKH IXOO EUHDWKLQJ F\FOH VROXWLRQV IRU WKH HQWLUH
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DLUZD\JHRPHWU\ZLWKWKHORZHUDLUZD\VRQO\FDVHLQGLFDWHVWKHSUHVHQFHRIDYRUWH[WRZDUGVWKHWRS
RIWKHFURVVVHFWLRQIRUWKHORZHUFDVHZKLFKLVFOHDUO\PLVVLQJIURPWKHHQWLUHDLUZD\JHRPHWU\

)LJXUH6HFRQGDU\IORZVGXULQJLQVSLUDWLRQIRUWKHHQWLUHDQGWKHORZHUDLUZD\JHRPHWU\
2QO\VXEWOHGLIIHUHQFHVDUHYLVLEOHLQWKHFURVVIORZYHORFLW\YHFWRUSDWWHUQVEHWZHHQWKHVROXWLRQV
IRUWKH5,/6DQG/,EURQFKL'LIIHUHQFHVDUHSUHVHQWLQWKHYHORFLW\PDJQLWXGHDWDOOWKHVHVWDWLRQV
$ SRVVLEOH H[SODQDWLRQ IRU WKHVH GLIIHUHQFHV FRXOG EH WKH GLVWDQFH WR WKHVH FURVVVHFWLRQV IURP WKH
HQWUDQFHWRWKHWUDFKHDLHWKHIDUWKHU\RXJHWDZD\IURPWKHH[LWRIWKH(7$WKHOHVVHULWVHIIHFWZLOO
EH7KLVLVEHFDXVHWKHORZ5H\QROGVQXPEHURIWKHIORZVWKURXJKWKHORZHUDLUZD\VZKLFKWHQGVWR
GDPSRXWPRVWRIWKHWXUEXOHQWFRQWHQWZLWKLQFUHDVLQJUHVLGHQFHWLPH
CFD investigation of human tidal breathing through human airway geometry Azarnoosh et al.
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 ([SLUDWLRQ
7KH VHFRQGDU\ IORZ IRU WKH H[SLUDWLRQ FDVH DW DOO FURVVVHFWLRQV RI OREDU EURQFKXV LV VKRZQ LQ
)LJXUH$JDLQ IRU WKH UHDVRQVPHQWLRQHG HDUOLHU RQO\ WKH KLJK IORZ UDWH UHVXOWV DUH VKRZQKHUH
&RPSDUHGWRWKHLQVSLUDWLRQFDVHRQO\VXEWOHGLIIHUHQFHVDUHREVHUYHGEHWZHHQWKHYDULRXVVROXWLRQV
7KH IORZ IHDWXUHV IRU DOO FDVHV DUH UHPDUNDEO\ VLPLODU ZLWK WKH RQO\ GLIIHUHQFH DULVLQJ LQ WKH
PDJQLWXGHVRIWKHYHORFLW\EHWZHHQWKHYDULRXVFDVHV7KLVLVQRWVXUSULVLQJJLYHQWKDWWKHIORZLVQRZ
WUDYHOOLQJLQDGLUHFWLRQWRRSSRVLWHWRWKHLQVSLUDWLRQFDVHPDNLQJWKH(7$GRZQVWUHDPRIWKHORZHU
DLUZD\V 7KH HIIHFW RI WKH (7$ZLOO EH IHOW DW EHVW DV D VOLJKW LQFUHDVH LQ IORZ UHVLVWDQFH EXW WKH
RYHUDOOIORZIHDWXUHVDUHQRWDIIHFWHGE\WKHSUHVHQFHRIWKH(7$

)LJXUH6HFRQGDU\IORZVGXULQJH[SLUDWLRQIRUHQWLUHDQGWKHORZHUDLUZD\JHRPHWU\
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7KHPRVWVLJQLILFDQWGLIIHUHQFHVEHWZHHQWKHWLPHDYHUDJHGDQGIXOOEUHDWKLQJF\FOHVROXWLRQVIRU
WKHHQWLUHDLUZD\JHRPHWU\DUHVHHQLQWKH/,DQG/6FURVVVHFWLRQVZKHUHWKHUHDUHVRPHFKDQJHVWR
WKHFURVVIORZYHORFLW\YHFWRUSDWWHUQV,QWKHWUDQVLHQWEUHDWKLQJVROXWLRQ/,DQDGGLWLRQDOYRUWH[
DSSHDUV DW WKH ERWWRP ULJKW VLGH WKDW GRHV QRW H[LVW LQ WLPHDYHUDJHG VROXWLRQ )XUWKHUPRUH WKH
YHORFLW\PDJQLWXGHIRUWKHWLPHDYHUDJHGVROXWLRQZDVDERXWORZHUWKDQWKHWUDQVLHQWEUHDWKLQJ
RQH7KHPD[LPXPYHORFLW\WLPHDYHUDJHG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